In the human, mosaicism may occur before implantation; but, to determine when it first occurs, it is necessary to study the chromosomal complement of all blastomeres. Full karyotypes of blastomeres from 2-to 8-cell human embryos by conventional kary6typing of metaphase spreads are difficult to obtain. The aim of this study was to assess the stage at which mosaicism occurred in preimplantation human embryos through use of fluorescence in situ hybridization (FISH) with multiple probes. All or most blastomeres from 2-to 12-cell human embryos were analyzed by FISH using probes for gonosomes and chromosome 18. FISH was performed on blastomeres from 117 morphologically normal monospermic embryos that were not transferred after preimplantation diagnosis because of their risk of carrying X-linked disease; 20 (17.1%) of these embryos were mosaic. Another group of 163 arrested or morphologically abnormal monospermic embryos were also analyzed by FISH; 47 (28.8%) of these embryos were mosaic. In addition, 37 dispermic embryos were analyzed, and 28 (75.7%) of these were found to be mosaic. Mosaicism first occurred at the second cleavage division when the monospermic embryo was mostly diploid and at the first cleavage division when the embryo was mostly haploid, polyploid, or dispermic.
INTRODUCTION
Karyotype analysis has been performed in non-arrested human preimplantation embryos demonstrating a high proportion of mosaicism [1] [2] [3] [4] . It is, however, necessary to study the chromosomal complement of all blastomeres, dividing and non-dividing, in order to determine the onset and mechanism of mosaicism. A complete analysis of blastomeres from 2-to 8-cell human embryos by conventional karyotyping of metaphase spreads is difficult to obtain, since non-dividing human embryos cannot be analyzed. For interphase chromosome enumeration, fluorescence in situ hybridization (FISH) is the method of choice. FISH chromosome studies on human blastomeres have been performed using single probes, probes for X and Y chromosomes, or probes binding to chromosomes X, Y, 18, 13, and 21 simultaneously [5] [6] [7] [8] [9] . Cells that are aneusomic for one particular chromosome can be differentiated from truly haploid or triploid cells by this method, assuming a low frequency of double aneusomy comparable to numerical abnormalities found in human sperm complements [10] [11] [12] .
The purpose of the present study was to determine the onset of mosaicism in 2-to 8-cell human embryos and to shed light on the mechanisms of formation of mosaicism at that stage. The onset and mechanism of mosaicism in preimplantation human embryos may have important re-percussions on culture of embryos and preimplantation genetic diagnosis. For example, mosaicism arising at the first embryonic division will be easily detected by single-cell embryo biopsy followed by FISH or karyotype diagnosis of that cell, but mosaicism occurring at later stages will not. In addition, mosaicism may be caused by in vitro culture conditions and its onset may indicate when a disturbance in the embryonic development has occurred.
MATERIAL AND METHODS

Source of Embryos, Blastomere Biopsy, and Fixation
Embryos were obtained from patients undergoing IVF treatment for infertility at The Center for Reproductive Medicine and Infertility, Cornell University Medical Center. The number of pronuclei per zygote was scored after insemination. Embryos in which a second polar body was clearly extruded and in which there were two (monospermic) or three pronuclei (dispermic) were allowed to cleave for three days. Embryos without a clear second polar body could possibly have been digynic and were excluded. Embryos from two sources were used for the current study. One source comprised embryos that had not yet reached the 8-cell stage on the fourth day of development and had not cleaved during a 24-h period ("arrested") [13] . The majority of these embryos exhibited dysmorphisms such as embryonic fragmentation exceeding 20-25%, granular cytoplasm, multinucleation, and uneven cells. These embryos are normally discarded. Arrested embryos may be investigated by FISH according to a protocol endowed by the Human Investigation Committee of the New York Hospital-Cornell University Medical College (protocol #0890-701). The second source of embryos consisted of normally developing embryos considered at risk of being affected by an X-linked disease after preimplantation genetic diagnosis [14] . Patients from whom the embryos were obtained had given informed consent to these procedures. Blastomeres were removed from each embryo by micromanipulation [15] and fixed individually in accordance with a previously described protocol, which was not modified [8] .
FISH
A FISH technique developed for two and three probes was used [6, 16] . Briefly, DNA probes for alpha-satellite repeat clusters in the centromeric region of chromosomes X and 18 and for the satellite III DNA on the long arm of the Y chromosome were purchased from Imagenetics (Naperville, IL). These probes were directly labeled with fluorescent haptens: the Y chromosome-specific probe with a red fluorochrome (CEP Spectrum Orange, Imagenetics) and the 18 chromosome-specific probe with a green fluorochrome (CEP Spectrum Green, Imagenetics). The X chromosome probe was a 1:1 mixture of probes labeled with red and green fluorochromes. With the use of a dual-wavelength filter (ChromaTechnology, Brattleboro, VT), the Y chromosome appeared in red, the 18 in green, and the X in yellow. One microliter of each probe was added to 8 l of hybridization mix II solution (component of the SpectrumCEP system, Imagenetics) [17] . No blocking DNA was added to the hybridization solution since it was already present in the probe solutions purchased from Imagenetics. Hybridization solution (12 l) was added to an area no more than 18 x 18 mm 2 of the slide containing the fixed blastomeres; the slide was then coverslipped and denatured for 8 min in a slide warmer at 80°C. The coverslip was sealed with rubber cement and the slide was left for 3-6 h at 37°C to hybridize in a humidified chamber. The coverslips were then removed and slides were immersed in 50% formamide in double-strength saline-sodium citrate (SSC), pH 7.0, at 42 0 C for 15 min; this was followed by two washes of 15 min each in PN buffer (0.1 M sodium phosphate buffer, pH 8, 1% Nonidet P-40) at room temperature. The DNA was counterstained with 4',6-diamino-2-phenylindole (DAPI) mixed in antifade solution (Imagenetics). Fluorescence microscopy was performed on a Nikon Optiphot microscope (Nikon Inc., Melville, NY) using a dual filter set for simultaneous observation of fluorescein isothiocyanate and Texas Red (ChromaTechnology). This allowed viewing of Spectrum Orange signals in combination with Spectrum Green signals. A Nikon filter was used for DAPI observation.
Scoring Criteria
Scoring criteria from Hopman et al. [18] were followed. Minor hybridization spots with lower fluorescent intensity were not scored, as they are considered to be cross-hybridization signals to nontarget chromosomes. Spots found in close vicinity to one another, interconnected, or in paired arrangements were counted as one signal. They most probably represent sister chromatids or split signals.
FISH Failure Criteria
FISH was considered to have failed in particular blastomeres when: 1) blastomeres with a clear nucleus detected at phase-contrast were not found, 2) blastomeres did not have signals or were covered by debris, and 3) blastomere had less than two gonosomes or chromosome 18-specific signals. These were considered false-negative FISH errors unless sibling blastomeres had extra signals compensating for the ones missing in a given blastomere. We consider such embryos to be compensated mosaics. Other observations often confused with false negatives can be seen in embryos in which the majority of blastomeres have the same abnormality, for example, monosomy or haploidy. The three criteria specified above were also used for polynucleated blastomeres, with all the nuclei present in the same blastomere being counted as a unity. In addition, according to a fourth criterion, false-positive FISH failure was considered to have occurred when blastomeres had more than two gonosomes or chromosome 18-specific signals. Exceptions to this can occur when sibling blastomeres have missing signals compensating for the extra ones in other blastomeres. Such embryos were also considered to be compensated mosaics. A similar rule applied to embryos in which all blastomeres had the same abnormality (trisomy and polyploidy). Finally, blastomeres having four signals per chromosome were considered tetraploid within a diploid embryo. Cells with more than two gonosomes or chromosome 18-specific signals per cell were considered chromosomally abnormal unless any of these signals were cross-hybridization signals or split signals, as stated above.
Mosaic Embryos and the Origin of Mosaicism
The cell division generating chromosome mosaicism was determined by assessing the number of blastomeres of each cell type. This could be accomplished when the majority of embryonic cells had been analyzed. Blastomeres, regardless of their karyotype, were assumed to have the same chance to develop, because previous studies of arrested embryos suggest that abnormal cells can cleave (unpublished observations). All blastomeres of monospermic embryos were abnormal when the chromosome abnormality occurred during the first embryonic division (Fig. 1) . When one half or one fourth of the blastomeres were abnormal, mosaicism arose at the second and third division, respectively.
RESULTS
Only embryos in which half or more of the cells were analyzed were considered for this study. FISH was per- formed on blastomeres of 117 monospermic developing embryos rejected after preimplantation diagnosis due to X-linked disease and on 163 arrested or morphologically abnormal monospermic embryos; 20 (17.1%) and 47 (28.8%) mosaic embryos were detected, respectively. In addition, 37 dispermic embryos were analyzed, and 28 (75.7%) of these were found to be mosaics. The gonosome and 18-chromosome constitution of some of these embryos has been described previously [6-8, 14,16] .
Sixty-seven monospermic embryos and 18 dispermic embryos in which the majority of cells were analyzed were found to be mosaic for one or both chromosome pairs. Of the monospermic mosaic embryos, 35 were mostly diploid, 27 were polyploid, and 5 were haploid. Aneuploid mosaicism in the diploid embryos was found in 19 instances; 17 embryos were partially tetraploid, and 5 were partially haploid. Six of the embryos had two types of mosaicism: 1 was aneuploid mosaic and partially haploid, and 5 were aneuploid mosaics with tetraploid cells (Table 1 ). Figure 2 shows normal diploid, trisomic, tetraploid, and haploid cells. The mechanism of aneuploid mosaicism was due mostly to mitotic non-disjunction, since a combination of monosomic, normal, and trisomic cell types was detected in 11 embryos. In 4 instances, random mitotic divisions occurred in some cells. For example, an embryo showed three normal XY1818 cells in addition to one XX181818, one XY181818, and two cells with just one Y in each and no X or 18 signals. These last four cells combined had-on average-an XY1818 complement when they were counted as three cells. Another embryo with nine cells was probably created after anaphase lag during the second division, since five of its cells were XX1818 and four were X01818. These could also have been four false negatives, but the FISH failure rate with this protocol (49 of 982; 5%) was well below the 45% of X01818 cells observed in that embryo. The remaining (n = 4) aneuploid mosaics were more complex and were of unknown origin (Table 1) . Mosaicism in diploid embryos was generated almost invariably during the second or third division (Table 2) , and in only 1 (2.9%) embryo were all the cells abnormal, four of these being X01818 and four XXX1818. In addition, this embryo was hybridized with chromosome 16-specific probes and all the cells showed two signals.
Polyploid mosaicism occurred often (33%, 9 of 27) or predominantly (61%, 17 of 28) at the first cleavage division when the embryos were monospermic and dispermic, respectively (Table 2 ). However, monospermic and dispermic polyploid mosaic embryos showed different mechanisms of formation. Monospermic polyploid embryos were generated in 52% (14 of 27, Table 3 ) of the cases by endoreduplication or cytokinesis failure in a polyploid cell. These embryos showed polyploid mosaics such as 4N/8N, 3N/6N, 8N/16N (Table 3 ). The rest of the monospermic polyploid embryos showed complex mosaicism with most cells having different karyotypes, indicative of the mosaicism having originated at the first embryonic division. In contrast, most dispermic embryos showed polyploid mosaicism that was of complex origin, that arose at the first division, or that was generated by random divisions ( Table  3 ). The first cleavage of dispermic embryos may produce o , .6 E,
u n E two or three cells [19, 20] indicating that a proportion divide in a tripolar pattern. The dispermic embryos studied here were divided according to the number of cells resulting from their first cleavage. Those dividing into two or three cells showed similar rates of mosaicism. Mosaicism started at the first division in 13 of 21 (62%) and in 4 of 7 (58%) of these embryos, respectively. Five haploid mosaic embryos were also found. Mosaicism in these originated mostly at the first embryonic division. If only two chromosome pairs are analyzed, however, haploidy may be mistaken for double monosomy. This problem was circumvented by re-hybridization with a probe for chromosome 8. Results confirmed mosaicism for chromosome 8 in all haploid embryos, with an average of one autosome for each kind per cell.
DISCUSSION
The cell division generating chromosome mosaicism was determined by FISH analysis of chromosomes X, Y, and 18 on all or most blastomeres from human embryos. By this method the number of cell types was obtained and the onset of mosaicism determined. Mosaicism occurred at the first embryonic division when two different cells, each chromosomally abnormal, were detected; and mosaicism arose at the second and third division when half or one fourth of the blastomeres were abnormal (Fig. 1) . The frequency of different cells provided information on the mechanism of mosaic formation; for instance, normal, monosomic, and trisomic cells suggested a mitotic non-disjunction event.
Striking differences in the mechanisms and onset of mosaicism appeared when monospermic embryos with varying ploidy were compared to dispermic embryos. Polyploid and haploid mosaic embryos were usually created at the first division, whereas monospermic diploid mosaics were generated in 97% of cases at the second or later divisions. These differences may be explained by events taking place during the first and second embryonic divisions. During the first cleavage, two pronuclei with replicated DNA enter syngamy and then continue to karyokinesis, but the first time that a diploid nucleus undergoes a mitotic division is during the second division. The results suggest that in diploid embryos, pronuclear syngamy occurs correctly, whereas mosaicism is generated by ensuing mitotic aberrations. Triploid dispermic zygotes, in contrast, may have problems distributing their chromosomes equally in two nuclei due to the presence of several paternal centrosomes with a resulting disarrangement of chromosomes [21] . The nucleolar alignment subsequent to pronuclear apposition that is frequently observed prior to syngamy [22] suggests that the chromosomes are organized in a bipolar fashion. The typical Y-shaped chromosome alignment of tripronucleate zygotes may contribute to a disorganized tripolar first division. Differences between second-and third-division mosaicism may be less important. Most polyploid monospermic mosaic embryos, for example, arrested at the 4-cell stage. Cleavage patterns of dispermic embryos may be abnormal because many of these embryos divide directly into three cells [19] . This has been associated with the presence of multiple paternal centrosomes in such zygotes [20] . The incidence and onset of mosaicism in zygotes dividing into two or into three cells are the same, according to our results. This suggests that the presence of two paternal centrosomes, and not the number of cells into which the zygote divides, is the mechanism responsible for immediate Mosaicism in monospermic diploid embryos was mostly due to mitotic non-disjunction or to tetraploidization of one or two cells. Giant polyploid cells are a frequent phenomenon in trophoblastic tissue of many animals, including humans [23] [24] [25] [26] . The presence of similar cells on Day 3 of development may indicate early differentiation, although the present data do not prove that there is a direct link between the two events. Dinucleated cells are also a frequent phenomenon that after FISH analysis suggests failure of cytokinesis, which may lead to tetraploidy [7] . More than half of the monospermic polyploid embryos were a combination of two cell types of different ploidy levels, most of these embryos having one cell type with twice the ploidy of the other. This suggests endoreduplication or karyokinesis failure. The remainder were mostly complex mosaics whose origin was unknown. This occurred in the majority of analyzed polyploid dispermic embryos and in those in which the nuclei may have split at random. In these mosaics, either there were abnormal complementing karyotypes involving more than two cells, or two cells were needed to obtain a single diploid karyotype, thus excluding non-disjunction as a cause. Similar phenomena were observed in a fraction of dinucleated blastomeres [7] .
The fact that the complex mosaics observed in both polyploid groups arose at the first embryonic division suggests that a fraction of the monospermic embryos were polyspermic. Asynchrous pronuclear formation may explain why polypenetrated zygotes with two pronuclei become classified as monospermic. Such a hypothesis could be tested by re-hybridizing these embryos with probes for polymorphic markers of the Y chromosome.
The present study raises questions about the use of preimplantation genetic diagnosis, which involves removal of one or two cells from 8-cell stage embryos and subsequent rapid analysis by polymerase chain reaction or FISH. Only embryos with a presumably normal blastomere are being replaced into the uterus. Although successfully applied to carriers of X-linked diseases and cystic fibrosis [15, 27] , this approach does not consider the possible occurrence of mosaicism. The chances of detecting mosaicism in a diploid 8-cell embryo by biopsy of a single cell are 25 to 50% depending on the onset of the mosaicism. The present findings indicate that more than one cell should be biopsied for correct diagnosis; however, survival of the embryo decreases when too many cells are removed [28] . The relevance for normal embryonic development in mosaics involving one fourth to one eighth abnormal cells is unknown and should be determined. Mosaicism may be a minor problem for preimplantation genetic diagnosis if the abnormal cells do not participate in inner cell mass formation.
